One of the major problems associated with the therapeutic application of β-lactam antibiotics is their significant instability [1]-[3]. Analogs from that group are easily degraded in aqueous solutions and in solid state, which happens predominantly as a result of β-lactam ring chemical degradation. Because of this, the chemical integrity of β-lactam antibiotics must be closely monitored to meet FDA requirements. The original iodometric method based on visual detection of the end products of beta-lactamase hydrolysis that has been used to test beta-lactamase activity [4] was modified to quantitatively assess the amount of degraded product in amoxicillin. A UV-visible spectrophotometric method has been used, focusing on the ability of the products from the degradation of β-lactam analogs to absorb iodine from bulk solution, resulting in a significant reduction in the absorption spectra. Amoxicillin trihydrate tablets with different expiration dates and amoxicillin samples pre-loaded with known amounts of degraded amoxicillin have been used to generate a calibration curve and quantify the presence of degraded materials. Results show that the changes in the absorption spectra of iodine reagent directly correlate with the fraction of degraded β-lactam antibiotics, such as amoxicillin, in commercial products. The proposed assay might be as close as one step from simpler and cheaper methods of quantitative analysis of degraded β-lactam analogs, with estimated sensitivity in the range of 1% -2%, which is better than the current FDA requirements.
Introduction
β-lactam antibiotics have a broad spectrum of antibacterial uses and have such been successfully used in the treatment of a large number of diseases with bacterial etiology. The common element in the chemical structure of all β-lactam antibiotics is the presence of a five-membered β-lactam ring. Due to this underlying chemical specificity, they are easily degraded in both aqueous solution and in solid state [1] - [3] . This chemical degradation may result not only in the loss of antibacterial efficiency, but also in the appearance of strong allergy-provoking properties as a result of their degradation products. The amount and type of degradation products of β-lactam antibiotics often depend on a few different affecting factors (solvents, concentration of substance and hydrogen ions, temperature, etc.), causing concern for the stability of β-lactam antibiotics in solution. A reliable, simple, and quantitative analytical method for the determination of β-lactam integrity is therefore necessary to control the degree of degradation of these antibiotics. Most, if not all, analytical methods for integrity analysis of β-lactam analogs were developed based on the surveying of spectrophotometric properties in a visible and ultraviolet radiation range [5] - [12] . The desired signals were possible to obtain by measurement of either direct absorption or of the absorption of the resulting species of an analyte/derivatizing reagent reaction [5] - [13] .
One of the fastest and simplest methods for routine measurements of the integrity of the β-lactam ring of this group of antibiotics is based on the reduction of iodine by the hydrolyzed substrate [4] [12] . Various modifications of the original method have been introduced for specific assays required for different β-lactam antibiotics [4] , being predominantly focused on a quantitative estimate of β-lactamase activity [4] . In general, quality control for the chemical integrity of this kind of antibiotics has been assigned to more sophisticated methods, such as mass spectroscopy, liquid chromatography, and vibrational spectroscopy (RAMAN, FTRI) [5] [13] [14] . However, in spite of the high accuracy and high resolution of these methods, they remain expensive, require professional training, and need special samples to be prepared for such fixed-time assay. Current guidelines from regulatory agencies such as the International Conference on Harmonization (ICH) and the Food and Drug Administration (FDA) have introduced certain requirements and restrictions for the development and application of analytical methods for the analysis of β-lactam antibiotics and their related products [15] [16] . Even using many of these analytical techniques, it is still challenging to quantitatively determine if the product meets the 10% degradation or less benchmark required by the FDA to stay on the market [16] . This is why the search for new analytical methods, especially convenient, time-fixed, and inexpensive ones, is very important. Specifically, spectrophotometric properties of β-lactam analogs (with accuracy and selectivity enhanced by chemometric procedures) have been gaining significant interest [5] - [12] . In this report, we describe a modification of the original iodometric method [4] that allows for the detection of degradation in β-lactam antibiotic products with integrity of less than 90%. Amoxicillin before as well as after the expiration date from different manufacturers has been used in this study as examples.
Materials & Methods
In order to produce a quantitative positive control for β-lactam ring integrity, amoxicillin was hydrolyzed by alkaline hydrolysis [4] . The concentration and amount of β-lactam degraded analyte in the presence of iodine reagent was calculated from the following information (All reagents used in this study were of analytical grades):
Stock iodine solution was prepared by adding 0.7 g of I 2 with 3.45 g of KI and dissolving it in 17.24 mL of distilled water.
Iodine reagent was prepared as described previously for the original fixed-time assay method [2] . Briefly, 5 mL of stock iodine solution was added to 95 mL of the acetate buffer (80 g of anhydrous sodium acetate adjusted to pH 4.0 with acetic acid and brought to 2 liters with distilled water). The stock iodine solution contained 0.16 M iodine and 1.2 M potassium iodide (20.3 g of iodine and 100 g of potassium iodide dissolved in 500 mL of distilled water).
A Lambda 35 UV-double beam spectrophotometer (Perkin Elmer Inc.) with a 1 mm length quartz cuvette was used for absorbance measurements.
Amoxicillin samples were prepared by the solubilization of amoxicillin powder (500 mg capsule) in 20 mM Na-P buffer, pH 7.0 at a final concentration of 2.5 mg/mL. Both a commercially available TEVA brand of amoxicillin and a commercially available Westward brand of amoxicillin were used for this study.
Degraded amoxicillin was prepared as follows, reproduced as according to [4] . A 2 mL solution of 50 mg of amoxicillin in 0.2 M NaOH was incubated at 30˚C for 30 minutes, at which point the solution was neutralized in an ice bath with an equal amount of 0.2 M HCl. 16 mL of 20 mM Na-P buffer, pH 7.0 was used to bring the degraded amoxicillin to a concentration of 2.5 mg/mL.
To evaluate the degradation of amoxicillin in suspension over time, several identical suspensions were prepared and stored at room temperature (23˚C) in closed containers, each for a selected period of time. These samples were later assayed by iodometric titration using a spectrophotometric method. Figure 1 shows a schematic for the changes in the chemical structure of the β-lactam ring of amoxicillin as it degrades, starting with its completely intact form (top), followed by the structure once the ring has been broken (middle), and finally with the consumption of the iodine molecules from the bulk iodine solution (bottom), leading to a decrease in the absorbance spectra of iodine at 350 nm as shown in Figure 2 . Figure 2 shows the intrinsic spectra of amoxicillin (a) and iodine reagent (b) in a UV-visible wavelength range. The spectra of amoxicillin have a maximum at 280 nm while iodine reagent has two maximums in its spectra, at 290 nm and 350 nm. The absence of absorbance in amoxicillin's spectra at 350 nm makes it convenient to monitor the presence of free iodine at this wavelength in an amoxicillin/iodine mixture. Adding amoxicillin to the iodine Figure 1 . Schematic presentation of changes in the chemical structure of the β-lactam ring of amoxicillin starting with its completely intact form (top) followed by the structure once the ring has been broken (middle) and finally with the consumption of iodine molecules in the bulk iodine solution (bottom). solution resulted in a decrease of the absorbance at 350 nm due to the consumption of iodine by degraded amoxicillin from a bulk solution (Figure 2(d) ). Since iodine binds only to open lactam ring (degraded) amoxicillin, it is absorbed by the degraded molecules in hydrolyzed amoxicillin (Figure 2(c) ), but only until the degraded material is saturated.
Results and Discussion
It is interesting to note that amoxicillin degraded after a 20 min incubation period in 0.2 N NaOH solution, leading to the complete hydrolysis of the antibiotic [4] , shows no visible changes in the absorbance spectra in the entire range between 240 -600 nm, even though the β-lactam ring underwent degradation. This indicates that the β-lactam ring opening itself does not produce absorbance signals in the visible region of radiation [7] . Figure 3 presents changes in the UV-spectra of an amoxicillin/iodine solution and also its absorbance at 350 nm during the titration of amoxicillin with an iodine reagent. Adding the iodine reagent to the solution of intact amoxicillin (Figure 3(b) ) produces a linear titration curve, similar to that of in calibration blank test, where iodine reagent was added to the buffer solution without amoxicillin (Figure 3(a) ). However, the presence of degraded amoxicillin in a sample resulted in the reduction of iodine as described previously, leading to practically no changes in the absorbance at the spectrum peak at 350 nm, as the iodine added was consumed by the hydrolyzed amoxicillin. After the saturation point, the changes in absorbance increase linearly in a fashion similar to that of free iodine in solution. As follows from the plot, these two linear regions of the concentration-dependent function meet at a saturation point for the given concentration of amoxicillin in solution. For the sample presented, this point is reached after adding 40 μL of iodine reagent to the amoxicillin (concentration of 2.5 mg/mL). Figure 4 shows the results for titrations of amoxicillin solution samples containing different fractions of degraded molecules. The standard hydrolyzed amoxicillin solution was prepared as described in M&M. In each sample, a precise fraction of degraded amoxicillin was added to an intact solution of the same concentration in the range of "contamination" from 0 to 100%.
Each data point was taken 3 times and then averaged to determine a statistically sound interval. The slope of each sample increases very slowly along the x-axis, as iodine reagent is added, until the saturation point is reached. From that point on, the added iodine acts like it does in free solution, contributing greatly to the slope of the sample. As is evident from the figure, the saturation point (the point at which there is no more degraded amoxicillin to react with the iodine reagent) correlates directly with the percentage of degraded material; given any future sample, a titration until the point of saturation would give us a clear measure of the substance's integrity.
The stoichiometry of iodine molecules binding to molecules of degraded amoxicillin was determined from a titration of a 100% degraded amoxicillin solution with iodine reagent of a known concentration. Given an amoxicillin concentration of 2.5 mg/mL and a saturation point of 355 microliters of reagent, the molar ratio was calculated to be 1:6. This stoichiometry coefficient could then be used for quantitative analysis of amoxicillin samples with unknown fractions of degraded amoxicillin.
Using this knowledge, the calculations show that the concentration of degraded amoxicillin in our solution was 2.3 mg/mL. This was very close to the real concentration of the initially prepared amoxicillin solution, measured spectrophotometrically using the molar extinction coefficients ε 274 mM = 1.4 and ε 230 mM = 10.85. The small difference between these values may be associated with the kinetic factor of iodine discoloration.
In order to demonstrate the accuracy of the method, the titration was performed again with a smaller fraction of added iodine (5 μL, not shown). Based on the consistent distance between each slanted line, each representing an additional 5% of degraded material, we can interpolate based on the location of the fresh amoxicillin sample to determine that its integrity is mostly intact, with only 2% -3% of degraded material. This in itself strikes an interesting observation; even amoxicillin that has not reached its expiration date contains some percent of degradation. Since amoxicillin tends to degrade by a wide variety of chemical reactions, such as oxidation, photo-degradation, and racemization, the effect of these reactions may interfere with the iodine titration assay. The yellowish color development of amoxicillin is generally considered as a visual criterion of the presence of degradation products. Therefore, we have tested how the development of a yellowish color of amoxicillin solution may interfere with the quantitative estimation of the β-lactam ring degradative material in a sample. Figure 5 shows the changes over time for the absorbance of an amoxicillin solution at 350 nm during storage at ambient temperature in solution with a pH of 2.0 and a pH of 7.0. The absorption at 350 nm, which was not detectable in the intact amoxicillin, increases as the amoxicillin in solution degrades. Its degradation closely correlated with a yellow color development over the same time period, as evident from a visual monitoring of the samples. Figure 6 shows that the recorded spectra of amoxicillin solution undergo a significant transformation in shape as either degradation proceeds over time (Figure 6(c) ) or as induced by a short time exposure to high temperature (Figure 6(b) ), which indicates an additional contribution to the absorbance at 350 nm due to the color development. Figure 7 portrays an unaltered chart displaying the absorbances of various amoxicillin samples in solution as iodine reagent is added. In this case, the stock solution of the hydrolyzed amoxicillin used for the inoculation of resized amount of the degraded amoxicillin in each sample was not freshly prepared, but instead stored over one week for the development of yellow color. As is the case with the other figures given, the saturation points seem to directly correlate with the percentage of degraded material. What is unique about this figure in particular are the rising starting absorbances, which then slope downward as iodine is added until the saturation point. The explanation for this phenomenon is that it is due to the discoloration of amoxicillin mentioned previously. However, this discoloration does not affect the integrity analysis method described. As iodine reagent is added, it reacts with the discolored degradation products and returns the absorbance to a semi-regular number, similar to as if the solution had not degraded over time at all; in essence, the saturation point is unchanged. Figure 8 shows the iodine titration curves of amoxicillin produced after 2 and 9 days of storage in a pH 7.0 solution at ambient temperature (23˚C), when no yellow color had been developed yet ( Figure 5 ). As shown in both cases, the saturation points differ in direct correlation with the solutions' time of storage, indicating that the amount of amoxicillin degraded through the opening of the β-lactam ring (to which iodine specifically binds) progressively increases over time. The amoxicillin at ambient temperature on the second day of storage had about 8% impurity increasing to 23% on the ninth day.
Together with the results presented in Figure 4 , this demonstrates that the proposed method allows for the quantitative measurement of the amount of degraded material in amoxicillin, something that is not truly evident by the visible colorization of amoxicillin solution.
Another find in this study suggests that the rate of degradation of amoxicillin in solution is substantially faster than determined in earlier studies. An increase by 5% in degraded products happens in the first day of storage at 23˚C vs. the 7 days found in previous studies [17] . While the degradation of amoxicillin through β-lactam ring hydrolysis was progressing over time of storage, the stored samples did not show any sign of yellow color over the first several days. This indicates that beta-lactam ring degradation is not associated with color development, which may occur through another pathway(s) of degradation.
In order to estimate the effect of ionic strength on iodine titration results, comparative measurements were performed in absence of and in presence of 0.1 M sodium chloride. Results show that for freshly prepared amoxicillin solutions, the iodine titration curves are essentially the same for both the solution containing NaCl and the solution without. This clearly indicates that the interaction of iodine reagent with amoxicillin during titrations is unaffected by the presence of such a salt. Therefore, variations of ionic strength for a range of concentrations of NaCl do not affect the chemical reaction between iodine and the β-lactam ring of amoxicillin. In addition, the presence of NaCl in amoxicillin solution was found not to affect the rate of degradation for amoxicillin during storage at room temperature (data not shown).
The experimental results presented in this study demonstrate a potential for a practical application of the iodometric method, allowing for a fast and inexpensive evaluation of β-lactam antibiotics for impurities caused by β-lactam ring degradation. Figure 9 compares the saturation points of four different freshly prepared amoxicillin samples with different expiration dates as well as the saturation point of a blank sample containing only the buffer solution.
This shows that freshly prepared samples made with amoxicillin past its expiration date contain more degraded material than do the freshly prepared samples from new amoxicillin. When tested in this study, the iodometric assay allows for the detection of β-lactam degraded material in amoxicillin commercial products, with an accuracy of ~2%. Our study also has indicated that freshly prepared amoxicillin suspensions made from 500 mg tablets of different manufacturers and taken prior to the expiration date may contain up to 3% of degraded amoxicillin.
In addition, development of a product assay using starch iodine as a color indicator could be based on the research done above. By comparing the intensity of a colored reaction (between β-lactam antibiotics and the starch iodine) to that of a quantitative standard, the percent of the degraded products in a stored container could be determined, similar to the technique previously developed based on an iodine-starch paper strip [14] . 
